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(57) A process for patterning a feature on a sub- 
strate using a plasma polymerized methylsilane 
(PPMS) photoresist layer or similar organosiiicon film. 
The process includes the step of depositing a PPMS 
film having upper and lower strata such that the upper 
stratum is more photosensitive to ultraviolet radiation 
than is the lower stratum. In one embodiment, the upper 
and lower strata are formed in a multistep deposition 
process that, preferably, takes place in a single deposi- 
tion chamber, In another embodiment, the upper and 
lower strata are formed by a process in which deposition 
parameters are modified to deposit a PPMS layer hav- 
ing a photosensitivity gradient between the upper and 
lower strata. In still another embodiment, various inter- 
mediate strata are formed. Preferably, each intermedi- 
ate stratum has a photosensitivity that is higher than the 
stratum directly beneath it. 

Also disclosed is a process for etching a PPMS 
layer that increases the etch selectivity of PPMS relative 
to PPMSO from an initial tow etch selectivity to a higher 
etch selectivity at a later stage of the etching process. In 
one currently preferred embodiment, the etch selectivity 
used during a first etching step of the process is less 
than 4i and the etch selectivity used during a second 
etching step, subsequent to the first step, is greater than 
5-1 In an even more preferred embodiment, the etch 
selectivity of the first step is between 2-3:1 and the etch 
selectivity of the second step is greater than 8:1. 
Optionally, a third etching step, performed between the 



first and second etching steps may be employed where 
the etch selectivity is between 3-8:1 . 
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Description 

BACKGROUND OF THE INVENTION 

[0001 ] The present invention relates generally to pho- s 
tolithographic semiconductor processing techniques 
and more particular to a method and apparatus for 
depositing and developing a photoresist film. 
[0002] The patterning of various deposited layers 
using photolithographic techniques are common steps 10 
in the formation of today's integrated circuits. Over the 
years a variety of photolithographic processes have 
been developed. One of the more common of these 
processes includes the deposition of an initial anti reflec- 
tive coating (ARC layer) under a spin-on resist layer. 15 
The spin-on resist layer is a light-sensitive material and 
is therefore referred to as a photoresist layer. After dep- 
osition of the photoresist, a photomask (also known 
simply as a mask) having transparent and opaque 
regions that embody a desired pattern is used to pattern 20 
the photoresist. When the mask is exposed to light (e.g., 
ultraviolet light), the transparent portions permit the 
exposure of the photoresist in those regions, but not in 
the regions where the mask is opaque. The light causes 
a chemical reaction in exposed portions of the photore- 25 
sist. A suitable chemical solution, chemical vapor or 
plasma process is then used to selectively attack (etch 
away) either the reacted or unreacted portions of the 
photoresist. This process is known as developing the 
photoresist. With the remaining photoresist acting as a 30 
mask, the underlying layer may then undergo further 
processing. For example, material may be deposited, 
the underlying layer may be etched or other processing 
carried out. 

[0003] The deposition of such spin-on resist layers is 35 
a wet chemical process that has limitations that make 
the process undesirable for some applications. 
[0004] Newer photolithography techniques include the 
deposition of a plasma polymerized methylsilane 
(PPMS) photoresist layer from a chemical vapor deposi- AO 
tion process. PPMS is an amorphous methyl silicon pol- 
ymer, and PPMS deposition techniques have been 
previously described in a article by Weidman et al., enti- 
tled "New Photodefinable Glass Etch Masks for Entirely 
Dry Photolithography: Plasma Deposited Organosilicon 45 
Hydride Polymers," published in A pplied Physics Let- 
ters, vol. 62, no. 4, January 25, 1993, pgs. 372-374; US. 
Patent No. 5,439,780 to Joshi et al.; and an article by 
Weidman et al entitled "All Dry Lithography: Applica- 
tions of Plasma Polymerized Methylsilane as a Single so 
Layer Resist and Silicon Dioxide Precursor," published 
in Journal of Photopolymer Science and Technology. 
vol. 8, no. 4, (1995), pgs. 679-686. Additionally, a com- 
mercially viable PPMS photolithography technique in 
which a deposited PPMS film has good stability, high 55 
photosensitivity and a high deposition rate is described 
in US. Serial No. 08/745,565, filed November 8, 1996, 
entitled "Method and Apparatus for Depositing Deep UV 



Photoresist Film," and having Timothy Weidman and 
Dian Sugiarto listed as co-inventors. The 08/745,565 
application is assigned to Applied Materials, an appli- 
cant for the present patent, and is hereby incorporated 
by reference in its entirety. 

[0005] As described in these references, a PPMS film 
having an amorphous organosilicon hydride network 
structure is deposited by plasma polymerization of a 
methylsilane precursor gas. When the PPMS film is 
exposed to deep UV radiation in the presence of an oxi- 
dant such as ambient air, exposed portions of the 
PPMS film undergo photooxidation to form a glass-like, 
siloxane network material, plasma polymerized methyl- 
silicon oxide (PPMSO). The resulting patterns can be 
developed to provide either negative tone or positive 
tone patterns. Negative tone patterns are generally 
formed using a chlorine-based plasma etch. Positive 
tone patterns can be formed using an HF vapor or buff- 
ered oxide etch. In either case, the developed pattern 
may optionally be further oxidized and annealed to con- 
vert the remaining material to a hard oxide suitable for 
further processing. Such PPMS photolithography tech- 
niques are advantageous in that the deposition, devel- 
opment, patterning, and etching steps may all be 
performed in the gas phase, i.e., using dry plasma 
processing techniques, providing very high resolution. 
[0006] Thee process described in the 08/745,565 
application described above is useful for a variety of 
photolithography applications. Despite this, improve- 
ments to these known PPMS deposition processes are 
desirable. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides a improved 
photolithography process that enables definition of pat- 
terns that have improved line roughness, resolution and. 
critical dimension uniformity and control as compared to 
previously known PPMS processes. 
[0008] In one embodiment, the present invention pro- 
vides a process for patterning a feature on a substrate 
using a plasma polymerized methylsilane (PPMS) pho- 
toresist layer or similar organosilicon film. The process 
includes the step of depositing a PPMS film having 
upper and lower strata such that the upper stratum is 
more photosensitive to ultraviolet radiation than is the 
lower stratum. In one version of this embodiment, the 
upper and lower strata are formed in a multistep deposi- 
tion process that, preferably, takes place in a single dep- 
osition chamber. In another version of this embodiment, 
the upper and lower strata are formed by a process in 
which deposition parameters are modified to deposit a 
PPMS layer having a photosensitivity gradient between 
the upper and lower strata. In still another version of this 
embodiment, various intermediate strata are formed. 
Preferably, each intermediate stratum has a photosensi- 
tivity that is higher than the stratum directly beneath it. 
[0009] In another embodiment, the present invention 
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provides a multistep process for etching a PPMS layer 
that increases the etch selectivity (the etch ratio of an 
unoxidized PPMS film relative to an oxidized PPMSO 
film) from an initial low etch selectivity to a higher etch 
selectivity at a later stage of the etching process. In one s 
currently preferred version of this embodiment, the etch 
selectivity used during a first etching step of the process 
is about 4:1 or less and the etch selectivity used during 
a second-etching step, subsequent to the first step, is 
about 5:1 or more. In an even more preferred version of w 
this embodiment, the etch selectivity of the first step is 
between 2-3:1 and the etch selectivity of the second 
step is greater than 5:1 . Optionally, a third etching step, 
performed between the first and second etching steps, 
may be employed where the etch selectivity is between 15 
3-4:1. In another version of this embodiment, the etch 
selectivity is varied along a gradient, e.g., linearly, 
throughout the etching process from a low etch selectiv- 
ity to a higher etch selectivity. 

[0010] These and other embodiments of the present so 
invention, as well as its advantages and features, are 
described in more detail in conjunction with the text 
below and attached figures. 
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25 



[0011] 



Figs. 1A through 1D are simplified cross-sectional 
drawings illustrating the steps of a previously so 
known single layer PPMS negative tone develop- 
ment application; 

Fig. 2A is a pictorial representation of a substrate 
as it undergoes a photoinduced oxidation process; 
Fig. 2B is a graph illustrating the difference in oxy- 35 
gen concentration between fully oxidized and par- 
tially oxidized areas of a substrate after a photo- 
oxidation step; 

Fig. 3A is a simplified cross-sectional view of a 
PPMS layer having fully oxidized, partially oxidized 40 
and unoxidized areas after a photo-oxidation step; 
Fig. 3B is a simplified cross-sectional view of the 
PPMS layer of Fig. 5A as it undergoes pattern 
development; 

Figs. 4A-4D are simplified cross-sectional views 45 
comparing a PPMSO layer developed without the 
benefits of the present invention to PPMSO layers 
developed according to different embodiments of 
the present invention; 

Fig. 5A is a example of the formation of rough so 
edges between adjacent patterned oxide lines 
formed over a substrate; 

Fig. 5B is a further magnified, top view of one of the 
lines shown in Fig. 3A; 

Fig. 6 is a flow chart illustrating the process steps 55 
according to one embodiment of the present inven- 
tion; and 

Fig. 7 is a graph illustrating the oxygen concentra- 



tion of a PPMSO layer after being developed from a * 
two-layer PPMS layer deposited according to the 
present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBOD- 
IMENTS 

[0012] The present invention provides a process for 
forming a patterned oxide layer on a semiconductor 
substrate. The process generally comprises the steps of 
depositing a plasma polymerized organosilicon film, 
photo-patterning the film to form oxide regions, and 
developing the patterned film by selectively etching non- 
oxidized regions of the photo-patterned film with a chlo- 
rine or similar plasma. The developed oxide film can 
include vias, trenches, and/or other apertures for con- 
struction of devices on the substrate or for use as a hard 
mask for etching one or more sublayers. 
[0013] The PPMS deposition and subsequent devel- 
opment process of the present invention is compatible 
with both 248 nm and 1 93 nm deep UV (DUV) exposure 
tools, and can be performed using commercially availa- 
ble substrate processing equipment. For example, the 
PPMS layer can be deposited in a single wafer cluster 
tool such as the P5000 or Centura deposition systems 
manufactured by Applied Materials when outfitted with a 
resistively-heated DxZ chamber. Patterning can be 
done on an ASML7300 DUV system manufactured by 
ASML, and the patterned layer can be developed in a 
high density plasma DPS etching chamber also manu- 
factured by Applied Materials. The process of the 
present invention is useful in the patterning of feature 
sizes in devices manufactured using sub 0.25 urn 
design rules, and it is believed that the presently dis- 
closed PPMS process can be employed in the printing 
of feature sizes as small as 0.10 urn or les& when pat- 
terned with a 193 nm DUV tool using resolution 
enhancement techniques. 

[0014] The present invention provides improved reso- 
lution, line roughness and critical dimension uniformity 
and control as compared to previously known PPMS 
photolithography techniques. Additionally, in the devel- 
opment of a PPMS layer of a given thickness, the 
PPMSO layer remaining after the completion of the 
development process is thicker when the process of the 
present invention is used to deposit and/or develop the 
PPMS layer than when previously known processes are 
employed. Generally, a thicker PPMSO layer provides a 
better etch mask layer for the next level than does a thin- 
ner layer. 

[001 5] In order to better appreciate this present inven- 
tion, reference is first made to Figs. 1A through 1D, 
which are simplified cross-sectional drawings illustrat- 
ing the steps of a previously known, single layer PPMS, 
negative tone development application. In Fig. 1A a 
PPMS layer 12 is shown deposited over a bare sub- 
strate 10. Layer 12 is then subjected to a photoinduced 
oxidation process as shown in Fig. 1B. In the process, 
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PPMS layer 12 is exposed to DUV in the presence of 
oxygen (e.g., ambient air). A mask 14 blocks the DUV 
from an area 16 of the PPMS layer. Thus ideally, area 
16 is not oxidized while the remainder of PPMS layer 12 
is oxidized to form regions of PPMSO. Next, as shown in 5 
Fig. tC, the substrate is exposed to a chlorine etching 
process to remove unoxidized area 16 from the sub- 
strate. Finally, the substrate is exposed to an oxygen 
plasma to harden the film and form a patterned oxide 
film 18 shown in Fig. 1D. Patterned oxide film 18 can be 10 
used in applications such as shallow trench isolation 
and gate formation among others. 
[0016] The description of Figs. 1A through 1D is 
based on an ideal process. In actual processes, such 
sharp contrasts been areas of full oxidization and no 15 
oxidation do not exist. Instead, the oxidized and unoxi- 
dized areas are separated by areas of partial oxidation. 
The partial oxidation areas are created in the masked 
regions of a substrate, with the phenomenon being par- 
ticularly pronounced in areas of substrates having 20 
densely packed features, e.g., features separated by 
the minimum design rule geometry of the process. A 
description of these areas of partial oxidation will now 
be made with reference to Figs. 2A and 2B. 
[0017] Fig. 2A is a pictorial representation of a sub- 25 
strate 20 as it undergoes a photoinduced oxidation 
process. In Fig. 2A, a PPMS layer 22 deposited over 
substrate 20 is exposed to deep UV light through a 
mask 24. Due to mask diffraction effects, the amount of 
U V light that reaches each area of the substrate (repre- 30 
sented by line 26) varies from an intensity level of 
between 0% and 100% depending on the position of a 
given substrate area to one or more of the openings in 
mask 24. 

[001 8] Line 26 indicates that areas of the substrate in 35 
the middle of larger openings (e.g., area 29 which is 
about three times as wide as area 28) of mask 24 
receive a dosage of UV light at close to a 1 00% intensity 
level. Regions near the edges of openings in mask 24 
and regions in the middle of smaller openings in the 40 
mask, receive a dosage of UV light that is considerably 
less than 100%. Similarly UV light is almost entirely 
blocked in regions of the substrate that are positioned 
below the wider blocking areas of mask 24. A partial 
dosage of UV light, however, reaches areas of the sub- 45 
strate that are blocked by the more densely packed 
blocking portions of mask 24. This partial dosage is 
dependent on the pitch of the densely packed features. 
[001 9] The net result of this phenomenon is that areas 
of partial oxidation are formed in PPMS layer 22 as the so 
layer undergoes the photoinduced oxidation process. 
The amount of oxidation within layer 22 is generally rep- 
resented by the density of dots depicted in a given area. 
Thus, for example, areas 30 of layer 22 are fully oxi- 
dized, while areas 32 are partially oxidized and areas 34 55 
remain unoxidized. 

[0020] Fig. 2B shows a more accurate representation 
of the oxygen concentration within fully oxidized areas 
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30 and partially oxidized areas 32. In Fig. 2B, line 36 
represents an ideal profile of oxygen concentration ver- 
sus depth in an exposed area 34 of layer 22. Line 37, on 
the other hand, is representative of an actual profile of 
oxygen concentration versus depth that may occur in 
fully oxidized area 30. Complete oxidation may not 
occur rear the bottom of area 30 in some instances 
because the reaction becomes oxygen diffusion limited 
at a certain depth at the exposure dose. Increasing the 
exposure dosages could promote fixer oxidation, but 
may also result in undesirable reflected light. 
[0021] In area 32, an upper stream, e.g., the top 200- 
300 A of the layer, is almost fully oxidized, while an inter- 
mediate stratum immediately below this upper stratum 
is partially oxidized. A oxygen concentration profile rep- 
resentative of area 32 is shown in Fig. 2B as line 38. 
[0022] The partial oxidation of areas near the edges 
of openings in mask 24 and in the areas of the substrate 
blocked by smaller width portions of mask 24 present a 
problem in that etch selectivity between partially 
exposed PPMS and the edge areas of the PPMSO lay- 
ers is greatly reduced in areas of dense features. A 
reduction in etch selectivity between these PPMS and 
PPMSO areas may result in the creation of rough edges 
along the patterned features defined by mask 24. The 
formation of these rough edges is described with 
respect to Figs. 3A and 3B. 

[0023] Fig. 3 A shows fully oxidized areas 40, a par- 
tially oxidized area 42 and unoxidized areas 44 of a pat- 
terned PPMS layer. Partially oxidized area 42 includes 
an upper fully oxidized stratum 46, a middle partially oxi- 
dized stratum 48 and a lower unoxided stratum 50. Sim- 
ilarly, unoxidized areas 44 may include small areas of 
full and partial oxidation 45 near the upper corners of 
area 44 that border oxidized regions 40. 
[0024] Fig. 3B shows the effect of a standard plasma 
chlorine etching step having a fixed PPMS/PPMSO etch 
selectivity on this substrate. In Fig. 5B, line 52 repre- 
sents the topography of the PPMS layer after an initial 
stage (e.g., the midpoint) of the etching process. Fur- 
ther etching results in the topography represented by 
line 54. At this stage, the unoxidized PPMS layer in 
regions 44 is completely removed, but there is still 
unetched material remaining in partially oxidized region 
42. 

[0025] It is important to completely remove the PPMS 
material from all of areas 42 and 44. Thus, an overetch- 
ing time is typically included in the etching process to 
ensure that the PPMS material in area 42 is also fully 
removed. This overetching time is often on the order of 
30-70 percent of the total etch time. This additional 
etching of the PPMS material in region 42 may result in 
overetching of the layer below the PPMS layer in areas 
44 and in narrowing of the PPMSO masking regions in 
areas 40 as shown by line 56. 
[0026] The narrowing of the PPMSO masking regions 
is better shown in Fig. 4A, which is a magnified view of 
the PPMSO material remaining in one of the regions 40 
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in Fig. 3B after completion of the development process. 
As shown in Fig. 4A P the profile 56 of the remaining 
PPMSO layer includes edge portions 56A rear the bor- 
ders of regions 42 and 44. Because of the relatively 
shallow angle of profile 56 relative to the underlying 5 
layer, edge portions 56 A are very sensitive to etch con- 
ditions. That is, the alignment of the edge along the 
length of a given patterned line is rather moveable. 
[0027] The "moveabirity" of the edge of the line is a 
direct cause of edge roughness. An example of the 
rough edges that may be formed from the PPMSO pro- 
file of Fig. 4A is shown in Fig. 5A where adjacent pat- 
terned oxide lines 60 are formed over a substrate. As 
shown in Fig. SB, which is a top view at an increased 
magnification of one of lines 60 from Fig. 5A, each of 
lines 60 has edges 62 that include indentions 64 and 
outdentions 66. Ideally, the edges of lines 60 should be 
as close to dotted line 68 as possible. 
[0028] It is worth noting that lines exhibiting a surface 
roughness similar to that of lines 60 are adequate for 
many applications. As features sizes continue to 
decrease to 0.25 urn, 0.18 urn and 0.15 urn or smaller, 
however, it can be important to improve the edge rough- 
ness of lines 60 for some applications. 
[0029] The present inventors have developed two sep- 
arate techniques that can be used independent of each 
other or in combination with each other to further 
improve the edge roughness of lines 60 and other char- 
acteristics of the development process. The first tech- 
nique includes deposition of a PPMS film having a 
bottom stratum that has decreased photosensitivity as 
compared to a top stratum of the film. The second tech- 
nique etches the photo-oxidized layer with an etching 
chemistry that has a varied etch selectivity over the 
duration of the etching process. More specifically, the 
etching process increases the etch selectivity (defined 
as the ratio of the etch rate of PPMS to the etch rate of 
PPMSO) from an initial low etch selectivity to a higher 
etch selectivity used at a later stage of the etching proc- 
ess. 

[0030] With regard to the improved deposition tech- 
nique, the inventors have discovered that varying the 
photosensitivity of a deposited PPMS film along the 
depth of the film from a very low photosensitivity (at the 
bottom) to a very high photosensitivity (at the top) can 
significantly improve the roughness along the edges of 
patterned features. 

[0031] It has been found that a low photosensitivity 
PPMS film can be deposited by increasing the density 
of the film. Thus, there is a trade-off between stability, 
which is directly related to film density, and the photo- 
sensitivity of a film. Highly photosensitive films arc rela- 
tively unstable (i.e., have a significant or appreciable 
refractive index evolution observed as a function of 
tune). Conversely films having a low photosensitivity are 
highly stable (i.e., have little or no refractive index evolu- 
tion observed as a function of tune) It is believed that at 
higher density levels, oxygen cannot enter the film and 
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thus cannot initiate the PPMS to PPMSO conversion 
process that takes place in a more photosensitive 
PPMS film. 

[0032] There are a number of deposition parameters 
that can be varied to deposit a denser and therefore 
less photosensitive PPMS film. These parameters 
include increasing the RF power used to form a plasma 
thereby increase the plasma density, decreasing the 
chamber pressure, altering the flow rate of methylsilane 
and increasing the substrate temperature. Currently 
preferred embodiments increase the RF power while 
decreasing the chamber pressure to density the film. 
Chamber temperature is not varied in these embodi- 
ments because of the time it takes for the substrate to 
stabilize at a hew deposition temperature. Also, varying 
flow rate to alter film photosensitivity is less preferred. 
The inventors have found that photosensitivity is less 
sensitive to gas flow rate than other deposition condi- 
tions. Accordingly, flow rate variation is primarily used to 
optimize film properties rather than alter film photosen- 
sitivity. . 

[0033] The process of the pressent invention will now 
be described in more detail in conjunction with Fig. 6, 
which is a flow chart depicting the steps of a currently 
preferred embodiment of the present invention. As 
shown in Fig. 6, the process of the present invention 
includes three primary steps: a PPMS deposition step 
70, a patterning step 72 and a developing step 74; along 
with an optional step 76 in which a patterned and devel- 
oped PPMSO layer is hardened into a patterned oxide 
layer. 

[0034] According to the present invention, PPMS dep- 
osition step 70 includes substeps 70A and 70B in which 
the lower and upper strata of the PPMS layer are depos- 
ited in that order. Substeps 70 A and 70B are not neces- 
sarily two discrete steps. Instead, substeps 70A and 
70B are representative of the formation of a PPMS film 
having at least upper and lower strata with different pho- 
tosensitivity values. In one embodiment, a different layer 
of the PPMS film is deposited in each of steps 70A and 
70B. The different layers can be deposited in different 
deposition chambers, or preferably, in an in-situ process 
in the same deposition chamber. In another embodi- 
ment, additional layers are deposited between the lay- 
ers in steps 70A and 70B to create a PPMS film having 
three or more distinct layers. Preferably, the photosensi- 
tivity of each of the different layers increases toward the 
upper surface of the PPMS layer. 
[0035] In still another embodiment, steps 70A and 70B 
represent the changing of process conditions during the 
continuous deposition of a single PPMS layer in a single 
substrate processing chamber. Initially, process condi- 
tions are set to favor deposition of a photoinsenstive film 
to deposit the lower stratum of the PPMS layer. Then, at 
a subsequent stage of deposition, process conditions 
are changed to favor the formation of a highly photosen- 
sitive PPMS layer. This embodiment can be further 
modified to so that deposition conditions are changed 
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numerous times or continuously to form either a plurality 
of different strata within the PPMS layer or an almost 
continuous gradient, from the bottom of the film to the 
top, of low photosensitivity film to high photosensitivity 
film. 

[0036] In step 70B, the upper stratum of the PPMS 
film is generally deposited according to the process dis- 
closed in the 08/745,565 application previously incorpo- 
rated by reference. It is important that the upper stratum 
have good photosensitivity characteristics, Otherwise, 
the PPMS layer will have poor film photo-oxidation 
under exposure, which ultimately leads to a poor etch 
selectivity between exposed (PPMSO) and unexposed 
(PPMS) regions of the f ilm. 

[0037] Irrespective of the difference in photosensitivity 
among the upper and lower strata of the PPMS layer, it 
is preferred that other characteristics of the film (e.g., 
etch selectivity, refractive index and optical density) 
remain as similar as possible. If the materials of the 
upper and lower strata are not similar in refractive index 
before the films are developed, reflection of UV light 
between the layers could severely impair the accuracy 
and other properties of the lithography process. 
[0038] The lower stratum of the PPMS film is depos- 
ited in step 70 A at an increased RF power (e.g., 120 
Watts versus 60 Watts) and a decreased pressure (e.g., 
1.4 Torr versus 2.2 Torr) as compared to step 70B. By 
using such deposition parameters, the lower stratum of 
the PPMS layer can be made to exhibit almost no pho- 
tosensitivity. This, in turn, ultimately leads to little or no 
oxidation in the lower stratum of the film during the 
development process and helps prevent overetching of 
the stratum of the PPMS layer under the developed 
PPMSO areas. 

[0O39] Fig. 4B shows the resulting profile 57 of a 
developed PPMSO layer that was initially deposited 
using a two-step deposition process according to the 
present invention. In Fig. 4B, a stratum 57A of the 
remaining PPMSO layer represent unoxidized PPMS. 
The existence of layer 57A allows the bias RF power to 
be kept relatively high during the development process 
while maintaining a high etch selectivity by increasing 
the 0 2 flow. Developing at a high bias RF creates a 
more anisotropic etch (hence the vertical edges 57B) 
allowing for the creation of a better mask profile. Profile 
57 is less "moveable" than profile 56 and thus provides 
better edge roughness characteristics. Without unoxi- 
dized stratum 57A, the developing process would 
require the use of a lower bias RF power to maintain a 
similar etch selectivity. 

[0O40] When a two-step deposition process is 
employed for steps 70A and 70B, the inventors have 
discovered that it is desirable to have the lower layer 
deposited to a thickness that is about equal to or greater 
than the upper layer. For example, when the overall 
thickness of the PPMS layer is 2000 A, the inventors 
have found that better edge roughness can be obtained 
when the upper and lower layers are about 1000 A each 
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as compared to an upper layer of 1500 A and a lower 
layer of 500 A. 

[0041 J In curtently preferred embodiments, the photo- 
sensitivity of the lower layer is such that, a single PPMS 

s layer of the same photosensitivity is, by itself, insuffi- 
cient for photolithographic applications. The photosensi- 
tivity can be determined by measuring the refractive 
index (Rl) of the film before and after exposure to UV 
radiation. For example, the present inventors exposed 

w 1 000 A PPMS films to a 1 0 mJ/cm 2 dose of UV radiation 
from a 220 nm UV lamp for one second. A 1000 A film 
exhibiting a change in the Rl of the film from 1 .73 to 1 .54 
is sufficiently photosensitive to be used for the top layer 
of the PPMS film deposited in step 70. 1000 A films 

15 exhibiting a change in the R I of the film from 1 .73 to 1 .63 
and from 1 .78 to 1 .65 are sufficiently inphotosensitive to 
be used for the bottom layer of the PPMS film. 
[0042] With regard to the improved etching technique, 
the inventors have found that the starting the etching 

20 process using a low selectivity etching condition 
between the PPMS/PPMSO areas and then subse- 
quently using a higher selectivity etching condition 
between the areas can also help prevent the problem 
associated with partial oxidation of the PPMS areas in 

25 high feature density portions of a substrate as illustrated 
in Fig. 3A. 

[0043] The multistep etching solution includes initiat- 
ing the etching process in a low etch selectivity condi- 
tion in step 74A. In this manner the undesirable, fully 

30 oxidized stratum 46 of region 42 is removed at close to 
the same rate as the unoxidized area 44. The etching 
selectivity can then be increased in step 74B as stratum 
46 is removed and can still be increased further as stra- 
tum 48 is removed. As with deposition substeps 70A 

35 and 70B, etching substeps 74A and 74B are not limited 
to two discrete steps. Instead, these substeps can be 
performed by three or more discrete steps in the same 
or difference etching chambers, or alternatively, the 
steps could represent one or more changes to the etch 

40 chemistry without interrupting the etching process. The 
steps could also be performed by a continuous change 
to the parameters of the etching chemistry thereby cre- 
ating a continuous gradient in the etch selectivity 
throughout the process. 

45 [0044] Fig. 4C shows the resulting profile 58 of a 
PPMSO layer that was developed using a multi-step 
development process according to the present inven- 
tion. The improvement in edge roughness can be seen 
by contrasting profile 58 in Fig. 4C to profile 56 shown in 

so Fig. 4A. In Fig. 4C, edge areas 58B do not taper at the 
bottom of the PPMSO film to the same extent as they do 
in the film of Fig. 4A. Hence, as in the case of Fig. 4B, 
the resulting mask is less "moveable" than the mask in 
Fig. 4A and edge roughness is improved. 

55 [0045] While it has been noted that the multistep dep- 
osition technique and multistep etching technique of the 
present invention provide improved results independent 
of each other (e.g., as shown in Figs. 4B and 4C), the 



EP0 942 330 A1 



6 



11 EP 0 942 330 A1 12 



currently preferred embodiment of the present invention 
employs both techniques together and tailors the etch- 
ing process to the different strata of the PPMS layer. 
Details of this approach are best understood by refer- 
encing Fig. 7. 5 
[0046] Fig. 7 is a graph illustrating the oxygen concen- 
tration of a PPMSO layer after being developed from a 
two-layer PPMS layer deposited according to the 
present invention In Fig. 7, the upper PPMS layer is fully 
oxidized in region 80 and partially oxidized in region 82. 
The lower PPMS layer, on the other hand, is basically 
unoxidized as shown by region 84. When developing 
the PPMS film of Fig. 7, it is advantageous to tailor the 
etch selectivity of the developing process to each of the 
regions 80, 82 and 84. The result of such a developing 
process is shown by profile 59 in Fig. 4D. As evident in 
Fig. 4D, profile 59 includes the benefits of both the mul- 
tistep deposition process and multistep development 
process - vertical edges in area 59A and a stepper 
angle in are 59B. 

[0047] In one example used to develop a PPMS hav- 
ing the oxygen concentration shown in Fig. 7 in exposed 
areas, an etch selectivity of about 2-3:1 is used in a first 
developing step corresponding to region 80, an etch 
selectivity of between 4-5:1 is used in a second devel- 
oping step corresponding to region 82 and an etch 
selectivity of 5:1 or higher is used per region 84. In 
another example, an etch selectivity of 4:1 or less is 
used to develop an upper stratum of the PPMS film 
while an etch selectivity of 8:1 or more is used to 
develop the lower stratum. In this example, the middle 
stratum is developed using an etch selectivity of 
between about 4-8:1. 

[0048] The following examples are illustrative of meth- 
ods for depositing a photosensitive PPMS layer and 
etching the deposited layer after a DUV exposure and 
patterning step. 

Example 1 

[0049] In the first example, a DxZ chamber manufac- 
tured by Applied Materials was used for deposition of 
the PPMS layer. Initially the pedestal was moved to a 
position 550 mils from the gas distribution manifold and 
a 200 seem flow of argon was introduced into the cham- 
ber. The substrate temperature was stabilized by main- 
taining a chamber pressure of 5 torr and heating the 
plate to a temperature of 140°C (a wafer temperature of 
about 135°C).. This step took about 20 seconds. A 20 
second purge step was then employed before deposi- 
tion gases were introduced into the chamber. The first 
deposition step included a 20 second stabilization step 
in which chamber pressure was set at 1.7 torr, wafer 
temperature was maintained at 140°C and a 120 seem 
flow of SiH 3 CH 3 was introduced into the chamber; and 
a 17 second deposition step in which a plasma was 
formed from the application of 120 Watts of RF energy 
at a frequency of 13.56 MHz to the upper electrode. 



[0050] After the first deposition step, the chamber was 
purged using a 20 second purge step. Then a second 
deposition step was initiated. In the second deposition 
step, a 20 second stabilization step set chamber pres- 
sure to 2.2 torr, wafer temperature to 140°C and 
SiH 3 CH 3 at 120 seem. Upon completion of the stabiliza- 
tion step, a plasma was formed and maintained for 47 
seconds by applying 60 Watts of RE Power as 
described above. Finally a 10 second purge step 
expunged the deposition gases before the wafer was 
removed from the chamber. 

[0051] After the PPMS layer was patterned using a 
248 run exposure tool, the substrate was transferred to 
a high density plasma etcher. In the etcher the exposed 
PPMS layer was subjected to a three-step etching proc- 
ess in which the etch selectivity of PPMS relative to 
PPMSO was increased in each step. The etching chem- 
istry employed in the first step had an etch selectivity of 
about 2:1; the second step had an etch selectivity of 
between 3-4:1 and the final step employed an etching 
chemistry having an etch selectivity of greater than 5:1 . 
[0052] Prior to initiating the etching sequence, a 140 
seem Cl 2 gas flow was introduced into the chamber and 
the chamber was stabilized at a pressure of 1 0 mTorr for 
about 15 seconds. The first etching step maintained the 
Cl 2 flow and chamber pressure for 6 seconds while 
applying 50 Watts of RE power (4 MHz) to the bottom 
electrode of the chamber and 400 Watts of RF power 
(13.56 MHz) to the top coil to form a chlorine plasma. 
The second etching step which was endpoint detected, 
which was stared after the etch endpoint was detected 
in step two, flowed an etching gas including a 70 seem 
flow of HBr, a 70 seem flow of Cl 2 and a 6 seem flow of 
0 2 into the chamber for about 15 seconds while apply- 
ing RF power of 400 Watts and 50 Watts to the top and 
bottom coils respectively. The third etching step flowed 
an etching gas including a 70 seem flow of HBr, a 70 
seem flow of Cl 2 and a 10 seem flow of 0 2 into the 
chamber for about 15 seconds while applying RF power 
of 400 Watts and 50 Watts to the top and bottom coils 
respectively. A stabilization step in which the plasma 
was extinguished was employed between each of the 
three etching steps. 



[0053] In a second example, a single layer PPMS film 
was deposited as described in U.S. Serial No. 
08/745,565 and the layer was subjected to a multistep 
etching process after being exposed to DUV radiation. 
[0054] In Example 2, the multistep etching sequence 
included two steps. The first step employed an etching 
chemistry having a etch selectivity of slightly over 2:1 
while the second step used a chemistry having an etch 
selectivity (PPMS/PPMSO) of about 14:1. This change 
in etch selectivity was done by (1) increasing the source 
RF power of an Applied Materials' DPS etch chamber 
from 150 Watts to 300 Watts; (2) increasing the bias RF 
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power from 45 Watts to 60 Watts; and (3) adding a 6 
seem flow of 02 to the etching chemistry. Also, chamber 
pressure was increased from 4 mTorr to 7 mTorr. Other 
etching variables remained the same. 
[0055] The present invention has been described s 
above with respect to several specific examples involv- 
ing the deposition of PPMS layers. Based on the above 
description, however, one of ordinary skill in the art will 
readily realize that the present invention is useful for the 
deposition of other photosensitive layers including 10 
plasma polymerized organosilicon films besides PPMS. 
Such organosilicon films have the formula R 1 R 2 SiH 2 , 
wherein R 1 is an organic moiety, preferably an alkyl or 
an aryl, and R 2 is H or an organic moiety, preferably H, 
an alkyl or an aryl. Thus, while methylsilane gas is the is 
presently preferred precursor for forming a plasma 
polymerized organosilicon film, other silanes including , 
ethylsilane, phenylsilane and the like may also be 
employed. 

[0056] Thus, it can he seen that the above description 20 
is illustrative and not restrictive. The parameters listed in 
the above processes and experiments should not be 
limiting to the claims as described herein. One of ordi- 
nary skill in the art can modify the processes described 
above by using chemicals, chamber parameters, and 25 
conditions other than those described with respect to 
the preferred embodiments and illustrative examples. 
The scope of the invention should, therefore, be deter- 
mined not with reference to the above description, but 
instead should be deterred with reference to the 30 
appended claims along with their full scope of equiva- 
lents. 

Claims 

35 

1 . A process for patterning a feature on a substrate, 
said process comprising the step of depositing a 
plasma polymerised organosilicon film over the 
substrate, the plasma polymerized organosilicon 
film having a upper stratum overlying a lower stra- 40 
turn wherein the upper stratum is more photosensi- 
tive to ultraviolet radiation than is the lower stratum. 

2. The process of claim 1 wherein the upper stratum 
and lower stratum are deposited as separate layers as 
in a muftistep deposition process. 

3. The process of claim 2 wherein the muftistep depo- 
sition process is an in-situ process that takes place 

in a single deposition chamber. so 

4. The process of claim 2 wherein the upper and lower 
stratum are part of a single layer deposited in a con- 
tinuous deposition process ware deposition condi- 
tions are changed during the process to make the ss 
upper stratum more photosensitive than the lower 
stratum. 



5. The process of claim 1 wherein the upper stratum is 
deposited at a chamber pressure that is higher than 
a chamber pressure used to deposit the lower stra- 
tum. 

6. The process of claim 1 wherein the upper stratum is 
deposited a plasma density that is lower than a 
plasma density used to deposit the lower stratum. 

7. The process of claim 1 wherein the upper stratum is 
deposited at a chamber pressure that is higher than 
a chamber pressure used to deposit the lower stra- 
tum and at a plasma density that is lower than a 
plasma density used to deposit the lower stratum. 

8. The process of claim 1 further comprising the steps 
of: 

after the depositing step, masking selected 
areas of the deposited plasma polymerized 
organosilicon film and exposing the unmasked 
areas to ultra violet radiation; and 
after the exposing step, developing the depos- 
ited film to form a patterned layer. 

9. The process of claim 8 wherein said developing 
step comprises a multistage developing sequence 
including a first stage of flowing an etchant gas into 
a substrate processing chamber and maintaining 
conditions in the chamber so that an etch selectivity 
of the etchant gas for an unmasked area versus a 
masked area is less than a selected value and a 
second stage, after the first stage, where the etch 
selectivity of the etchant gas is increased. 

10. The process of claim 9 wherein the first stage and 
second stages of the developing sequence are sep- 
arate, discrete steps in a multistep etching process. 

11- The process of claim 9 wherein the first stage and 
second stage of the developing sequence are part 
of a continuous etching process in which the flow of 
etchant gas is not stopped during the process. 

12. A method of depositing a plasma polymerized orga- 
nosilicon film over a substrate in a substrate 
processing chamber, said method comprising the 
steps of: 

(a) during a first deposition stage, 

(i) flowing a process gas into the substrate 
processing chamber, 

(ii) forming a plasma from the process gas, 
and 

(iii) maintaining deposition conditions in 
substrate processing chamber to deposit a 
lower stratum of the film having a first pho- 
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tosensitivity level; and 

(B) during a second deposition stage, subse- 
quent to the first stage, 

(i) flowing a process gas into the substrate 
processing chamber, 

(ii) forming a plasma from the process gas, 
and 

(iii) changing deposition conditions in the 
substrate processing chamber to deposit 
an upper stratum of the film having a sec- 
ond photosensitivity level higher than the 
first level. 

13. The method of claim 12 wherein the first and sec- 
ond deposition stages are performed in the same 
deposition chamber. 

14. The method of claim 13 wherein the process gas is 
continuously flowed and a plasma is continuously 
maintained between the first and second deposition 
stages. 

15. The method of claim 12 wherein the process gas 
comprises methylsilane. 

16. The method of claim 12 wherein deposition condi- 
tions between the first and second stages are 
changed to increase a chamber pressure level. 

17. The method claim of 12 wherein deposition condi- 
tions between the first and second stages are 
changed to decrease a plasma density of the 
plasma. 

18. A method of developing a patterned photosensitive 
film deposited over a substrate in a substrate 
processing chamber, the photosensitive film having 
an exposed area and an unexposed area, said 
method comprising the steps of etching a first por- 
tion of the photosensitive film at a first etch selectiv- 
ity of the exposed area versus the unexposed area 
of the photosensitive film and etching a second por- 
tion of the photosensitive film, below the first por- 
tion, at a second etch selectivity, the second etch 
selectivity being higher than the first etch selectivity. 

19. The method of claim 18 wherein the photosensitive 
film comprises a plasma polymerized organosilicon 
film. 

20. The method of claim 18 wherein the photosensitive 
film comprises a plasma polymerized methysilane 
film. 



ant gas used to etch the photosensitive film. 

22. A method of developing a patterned photosensitive 
layer deposited over a substrate in a substrate 

s processing chamber, the photosensitive layer hav- 
ing an exposed area and an unexposed area, said 
method comprising the steps of: 

(a) during a first etching stage, 

10 

(i) flowing an etchant gas into the substrate 
processing chamber; 

(ii) forming a plasma from the etching gas; 
and 

15 (iii) maintaining conditions in said sub- 

strate processing chamber so that an etch 
selectivity of the etchant gas for the 
exposed area versus the unexposed area 
is less than a selected value; 

20 

(b) during a second etching stage, after the first 
etching stage, 

(i) flowing an etchant gas into the substrate 
25 processing chamber; 

(ii) forming a plasma from the etchant gas; 
and 

(iii) increasing the etch selectivity of the 
etchant gas. 

30 

23. The method of claim 22 wherein the etchant gas 
comprises chlorine during the first and second 
etching stages. 

35 24. The method of claim 22 wherein the etchant gas 
comprises Cl 2 , HBr and 0 2 during the second etch- 
ing stage. 

25. The method of claim 23 wherein the etch selectivity 
40 of the etchant gas is increased by increasing a 
plasma density of the plasma formed in the second 
stage as compared to a plasma density of the 
plasma formed in the first stage. 

45 
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21. The method of claim 18 wherein the etch selectivity 
is increased by altering the composition of an etch- 
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